We use density functional theory to calculate the electronic band structures, cohesive energies, phonon dispersions, and optical absorption spectra of two-dimensional In2X2 crystals, where X is S, Se, or Te. We identify two crystalline phases (α and β) of monolayers of hexagonal In2X2, and show that they are characterized by different sets of Raman-active phonon modes. We find that these materials are indirect-band-gap semiconductors with a sombrero-shaped dispersion of holes near the valence-band edge. The latter feature results in a Lifshitz transition (a change in the Fermi-surface topology of hole-doped In2X2) at hole concentrations nS = 6.86×10
I. INTRODUCTION
The discovery of graphene 1,2 has triggered the growth of a family of two-dimensional (2D) nanomaterials, including hexagonal boron nitride, 3, 4 silicene, 5-8 germanane, 9 and a variety of transition metal dichalcogenides. [10] [11] [12] [13] [14] These materials are of great interest due to their potential applications in optoelectronics. 11, 13, 15, 16 Recently we discussed a new member of this family: atomically thin layers of hexagonal gallium chalcogenides, 17 which are indirect-band-gap semiconductors with unusual, sombrero-shaped valenceband edges and optical absorption spectra that are dominated by zone-edge transitions. In this work we study closely related materials: 2D crystals of indium chalcogenides (In 2 X 2 , where X is S, Se, or Te).
Chalcogenides of indium take several forms, [18] [19] [20] [21] [22] including tetragonal, rhombohedral, cubic, monoclinic, and orthorhombic phases, as well as the hexagonal structures on which we focus here. Indium selenide (InSe) exists in a layered hexagonal structure in nature with an in-plane lattice parameter of 4.05Å and a vertical lattice parameter of 16.93Å, and has been proposed for use in ultrahigh-density electron-beam data storage. 23 Very recently, samples of few-layer hexagonal InSe have been produced and their optical properties have been studied. 24, 25 Indium sulfide (InS) and indium telluride (InTe) exhibit orthorhombic and tetragonal structures, respectively, but this does not exclude the possibility of growing metastable hexagonal structures (structural changes induced by annealing have been reported in transmission electron microscopy of indium chalcogenide thin films 26 ). We have investigated whether monolayers of the hexagonal phase are stable in any of these three materials.
The structures of two stable or metastable polytypes of monolayer hexagonal In 2 X 2 identified in this work are shown in Fig. 1 . Viewed from above, a monolayer of α-In 2 X 2 forms a 2D honeycomb lattice, with vertically aligned In 2 and X 2 pairs at the different sublattice sites.
Its point group is D 3h . The sp orbitals of the In atoms in each dimer are strongly hybridized, and each of the two In atoms is bound to three neighboring chalcogens. The lattice structure of β-In 2 X 2 is depicted in the bottom panel of Fig. 1 , with one of the X layers shifted with respect to the other, breaking the mirror symmetry of the original structure but establishing inversion symmetry in its stead. The point group of β-In 2 X 2 is D 3d . The lattice parameters calculated using ab initio density functional theory (DFT) for these two polytypes of In 2 X 2 are discussed in Sec. II, along with lattice dynamics. We find that the α and β polytypes can be distinguished by comparing optically active [infrared (IR) and Raman] phonon spectra and that the band structures of α-In 2 X 2 crystals are very similar to those of hexagonal Ga 2 X 2 crystals.
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In Secs. III and IV we report first-principles calculations of the electronic band structures of α-In 2 X 2 and β-In 2 X 2 .
Our DFT calculations were performed using the castep 27 and vasp 28 plane-wave-basis codes to calculate the structural parameters of In 2 X 2 . We used both the local density approximation (LDA) and the Perdew-BurkeErnzerhof 29 (PBE) generalized gradient approximation exchange-correlation functionals in our calculations. The same functionals were used to calculate the electronic band structures, optical absorption spectra, and phonon dispersion curves. For the electronic band structures we also used the screened Heyd-Scuseria-Ernzerhof 06 (HSE06) hybrid functional 30 to compensate at least partially for the underestimation of the band gap by the LDA and PBE functionals. The HSE06 band structure calculations used the geometry optimized using the PBE functional. The plane-wave cutoff energy used in our calculations was 600 eV. During the geometry relaxations a 12 × 12 Monkhorst-Pack k-point grid was used, while band structures were obtained with a 24 × 24 grid. The optical absorption spectra were obtained with a very dense grid of 95 × 95 k points. The artificial out-of-plane periodicity of the monolayer was set to 20Å in each case. Phonon dispersion curves were calculated in vasp using the method of finite displacements in a 4 × 4 supercell The parameters a, dIn−In, and dX−X are the lattice parameter, the In-In bond length, and the vertical distance between X atoms, respectively. with 6 × 6 k-points, and in castep 31 using density functional perturbation theory (DFPT). We also evaluated the infrared intensity and Raman intensity tensors for the zone-center optical phonons in In 2 X 2 . The DFPT calculations used a plane-wave cutoff of 816 eV, a 31 × 31 Monkhorst-Pack grid, norm-conserving DFT pseudopotentials, and an artificial periodicity of 15.9Å.
II. LATTICE STRUCTURE AND LATTICE DYNAMICS OF α-IN2X2 AND β-IN2X2
A. Lattice structures
Our geometry-optimization calculations show that the lattice parameters in α-In 2 X 2 increase with the atomic number of the chalcogen atom X, while the In-In bond lengths hardly change: see Table I . The bond lengths obtained with the PBE functional are systematically larger than those optimized within the LDA, as expected. 32 As shown in Sec. II B, we find all three α-In 2 X 2 crystals to be dynamically stable. The cohesive energy E c is also shown in Table I . This is the energy of two isolated in- Fig. 1 ) of monolayer α-In2X2 (top) and β-In2X2 (bottom) from DFT calculations with the LDA and PBE exchange-correlation functionals. The static-lattice cohesive (atomization) energy Ec is also shown, as is the phonon zero-point energy (ZPE). We have also performed calculations to investigate the β-In 2 X 2 polytypes. We find that these structures are dynamically stable, but the static-lattice cohesive energy is slightly lower than the α structure by 0.022 and 0.013 eV per unit cell according to the LDA and PBE functionals, respectively. The relative energy of the α and β polytypes is almost the same for each chalcogen X. The phonon zero-point energies reported in Table I demonstrate that lattice dynamics does not affect the relative stability of the α and β polytypes. The optimal lattice parameters of these structures are summarized in the bottom half of Table I .
B. Lattice dynamics
We have calculated phonon dispersion curves for In 2 X 2 using both the finite-displacement approach and DFPT. The DFPT results are presented in Fig. 2 . The finitedisplacement approach agrees very well with these dispersion curves at a supercell size of 4 × 4 primitive unit cells. Other than a small pocket near Γ, we find no trace of imaginary frequencies in the Brillouin zone. This small pocket of instability (shown in detail in the inset beside the middle panel of Fig. 2 for α-In 2 Se 2 ) is extremely sensitive to the details of the calculation and in some cases disappears altogether. This suggests that it merely indicates the difficulty of achieving numerical convergence for the flexural phonon branch, which appears to be a common issue in first-principles calculations for 2D materials.
33 Therefore the phonon dispersion curves suggest that isolated atomic crystals of hexago- Fig. 2 , and the IR and Raman activities of the zone-center optical phonon modes are listed in the caption. We have used a unit cell with lattice vectors (a/2, √ 3a/2) and (−a/2, √ 3a/2), where a is the lattice parameter. The lattice parameters and other structural parameters are given in Table I .x,ŷ, andẑ are unit vectors in the Cartesian directions. The most important difference between the α and β structures is the number of Raman-active Γ-point phonons. We find that there are two fewer Raman-active modes in β-In 2 X 2 , offering a way to distinguish the polytypes. Note that β-In 2 X 2 possesses inversion symmetry, while α-In 2 X 2 does not. Raman and IR activity are mutually exclusive in materials with inversion symmetry. If none of the IR-active modes found in In 2 X 2 appears in the Raman spectrum of a sample, this would point towards the β-In 2 X 2 polytype. We discuss the electronic band structure of the energetically more favorable α phase in Sec. III, and then discuss the β phase in Sec. IV.
III. ELECTRONIC AND OPTICAL PROPERTIES OF MONOLAYERS OF α-IN2X2

A. Band structures
The calculated electronic band structures of α-In 2 X 2 are summarized in Fig. 3 . All three materials are indirect-gap semiconductors, primarily due to the valence-band maximum (VBM) lying between the Γ and K points. Further analysis of the valence band reveals a saddle point along the Γ-M line, illustrated in Fig. 4 . This saddle point gives rise to a Van Hove singularity in the density of states. Due to the presence of these saddle points, hole-doping causes In 2 X 2 to undergo a Lifshitz transition when the hole concentration reaches the critical value where all states are depleted above the energy of the saddle point, since this leads to a change in the topology of the Fermi surface. The carrier density at which the Lifshitz transition takes place in each material is listed in the table in Fig. 4 and was obtained by integrating the DFT density of states from the saddle point to the valence-band edge.
It is possible to fit an inverted sombrero polynomial to the valence-band dispersions E VB around the VBM:
where k and ϕ are the radial and polar coordinates of wave vectors about the Γ point. The polar angle ϕ is Fig. 4 . This fit should provide a good starting point for a simple analytical model of the valence band in these materials. Note, however, that the fit is designed to describe the immediate vicinity of the VBM and the saddle point, and is of limited accuracy at the Γ point. The fitting was performed using the same procedure as in Ref. 17 .
We find that the conduction-band minimum (CBM) is at the Γ point in all cases except the LDA band structure of α-In 2 Te 2 , where it is at the M point. The HSE06 band structure is expected to be the most reliable and hence we predict that the CBM occurs at Γ in all cases. Nevertheless, there are local minima of the conduction band at Γ, K, and M in each case, with the exception of the PBE band structure of α-In 2 Te 2 . The HSE06 band gaps of α-In 2 X 2 are summarized in Table II . The HSE06 band gap is expected to underestimate the quasiparticle band gap by no more than 10%, 35 and is known to be accurate in 2D materials. 36 The effective masses at the high-symmetry points in the conduction band are summarized in Table II . The effective mass is isotropic at the Γ and K points, but not at M. We note that the effective mass is quite sensitive to the fitting range. The data in Table II were obtained by fitting in one dimension in a range corresponding to 1/8 of the K-M line in the Brillouin zone. 37 If the fitting range is doubled, the effective masses change by up to 10%.
The semilocal band structures are also plotted in Fig.  3 for comparison. The LDA and PBE functionals give very similar results to the HSE06 functional up to the Fermi level, but above that significant discrepancies arise. This is most notable in the case of α-In 2 Te 2 , where the position of the CBM is ambiguous: the LDA predicts that the CBM is at the M point, while the PBE functional puts it at the Γ point, in agreement with HSE06. A similar behavior was found in 2D hexagonal gallium chalcogenides.
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In the semilocal DFT calculations we took spin-orbit (SO) coupling into account using a relativistic DFT approach. 28 As can be seen in Fig. 3 , some of the bands exhibit spin splitting, including the highest valence Fig. 3 ). While we were unable to calculate the SO splittings in HSE06 due to limited computational resources, we expect that they will exhibit a similar magnitude to that found in the semilocal band structures.
B. Optical absorption spectra
The orbital composition of the bands was obtained by projecting the orbitals in the plane-wave basis set of vasp onto spherical harmonics, and the results are reported in the table in Fig. 3 . We have found that these bands around the Fermi level are dominated by s-and p-type orbitals. The orbital composition was obtained by projecting the orbitals in the plane-wave basis set of casp onto spherical harmonics. Furthermore, states in each band are either odd or even with respect to z → −z symmetry (this information is obtained from the complex phases of the orbital decomposition in vasp). Therefore, the interband absorption selection rules require that photons polarized in the plane of the 2D crystal are absorbed by transitions between bands whose wave functions have the same z → −z symmetry (even→even and odd→odd), and photons polarized along the z axis cause transitions between bands with opposite symmetry (even→odd and odd→even).
The calculated LDA optical absorption spectra are shown in Fig. 5 . The intensities are normalized by using graphene as a benchmark, 17 since we know that graphene absorbs 2.3% of light intensity over a broad 38 Much like Ga 2 X 2 monolayers, In 2 X 2 sheets exhibit a prominent absorption peak (originating from the vicinity of the K point) near 3-5 eV, where the absorption coefficients of In 2 X 2 are comparable to and even exceed that of monolayer and bilayer graphene. As such, we suggest that ultrathin films of InX biased in vertical tunneling transistors with graphene electrodes could be used as an active element for the detection of ultraviolet photons.
IV. ELECTRONIC AND OPTICAL PROPERTIES OF MONOLAYERS OF β-IN2X2
A. Band structures Figure 6 depicts the electronic band structures of β-In 2 X 2 , which shows that the valence band is strikingly similar to that of the α structure in Fig. 3 , with the VBM once again between the Γ and K points. This is due to the valence band being dominated by the Ga orbitals, which are in the same configuration in the two polytypes. Unsurprisingly, β-In 2 X 2 possesses the same anisotropic sombrero-shaped dispersion as α-In 2 X 2 and therefore a Lifshitz transition can be achieved in this case as well. However, the coefficients of the polynomial fit and the critical carrier concentration are quite different, as shown in Table III . The band structures with SO coupling taken into account are also shown in Fig. 6 .
The conduction band of the β polytype is similar to that of the α polytype near the Γ point; however, some significant differences arise at the K point, where a doubly degenerate band appears at the bottom of the conduction band with a completely different orbital composition from the lowest conduction band of the α structure. The orbital composition (see the caption of Fig. 6 ) of the valence band on the other hand is almost identical to that Te z found in α-In 2 X 2 .
B. Optical absorption spectra
The optical absorption spectra of β-In 2 X 2 are shown in Fig. 5 . These show a good deal of similarity to those of α-In 2 X 2 . The absorption is dominated by a large peak in the ultraviolet range in all cases and the peak absorption exceeds that of graphene.
V. CONCLUSIONS
We have used DFT to show that 2D hexagonal indium chalcogenides (In 2 X 2 where X is S, Se, or Te) are dynamically stable. We have identified two polytypes of In 2 X 2 , and we have shown how these can be distinguished by IR and Raman spectroscopy. We find that all of these materials are indirect-band-gap semiconductors with an unusual inverted-sombrero-shaped valence band. The presence of saddle points in the valence band along the Γ-M line leads to a Lifshitz transition in the event of hole doping, for which we have calculated the critical carrier density. We have provided an analytical fit of the valence-band edge and have given a qualitative description of the optical absorption spectra, which suggest that atomically thin films of InX could find application in ultraviolet photon detectors.
distance from the K point, φ is the polar angle and the {ai} are fitting parameters, to our energy bands along the K-Γ and the K-M lines. At the Γ point we used a similar procedure, but with a fitting function E = a0 + a2k 2 . At the M point, where the effective mass is anisotropic, we fitted E = a0 + a2k 2 separately along the M-Γ and M-K directions to obtain the effective masses along the two principal axes of the effective mass tensor. 38 G. Onida, L. Reining, and A. Rubio, Rev. Mod. Phys. 74, 601 (2002).
